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The central genomic regions of Oenococcus oeni phages fOg30 and fOgPSU1 have been compared with the equivalent regions of
oenophages fOg44 and f10MC. In all cases, an almost identical endolysin gene was followed by one of two orfs, encoding putative holins
(orf117 and orf163). The fOg44 endolysin was established as a secretory protein when expressed in Lactococcus lactis. Orf117 (from fOg44)
promoted lysis of Escherichia coli cultures upon induction of a defective kSam7 prophage, but Orf163 (from fOg30) failed to elicit a lysis
response in this system. fOg44 and fOgPSU1 were shown to integrate at the 3V end of a tRNAGlu and a tRNALys, respectively. Searching the
available sequence of the O. oeni MCW genome for attP-like elements, two other tRNA targets could be proposed for prophage
establishment. Between the lysis and integration elements, a diverse cluster of genes (absent in f10MC) was observed. One common gene in
this ‘‘lysogenic conversion cluster’’ was experimentally confirmed as a transcriptional repressor, affecting the expression of a putative
permease gene.
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Introduction phage genome between the lysis genes and the phage attach-Recent studies on the genomics of bacteriophages and
their hosts have led to the current perception of the impact of
phages in bacterial evolution and in bacterial pathogenesis
(Boyd and Bru¨ssow, 2002; Canchaya et al., 2003; Hendrix,
2003). Apparently, prophages may constitute an important
part of the strain-specific DNA in some species and can
account to up 16% of the total bacterial DNA, as for the
Escherichia coli pathogenic strain Sakai O157:H7, with its 18
prophage elements (Canchaya et al., 2003). In addition, the
expression of certain prophage genes, often located on the0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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Uberlaˆndia, Brazil.ment site (attP), can be responsible for dramatic changes in
host properties (lysogenic conversions) such as the acquisi-
tion of virulence (for a review, see Boyd and Bru¨ssow, 2002).
A renewed interest in phage lytic enzymes (endolysins)
has also emerged, as the search for alternatives to standard
antibiotics stimulated trials with phage-encoded peptidogly-
can hydrolases. Phage enzymes directed against streptococ-
ci, pneumococci, and anthrax bacilli were recently shown to
be active both in vitro and in infected mice (Loeffler and
Fischetti, 2003; Nelson et al., 2001; Schuch et al., 2002).
Over the years, the permanent threat of bacteriophages to
the industrial fermentation processes carried out by lactic
acid bacteria (LAB) led to the characterization of a consid-
erable number of ‘‘dairy phages’’ (Bru¨ssow, 2001; Bru¨ssow
and Desiere, 2001). These now stand out as one of the best
documented phage groups in the databases. In a recent
survey of temperate phages infecting LAB species, up to
C. Sa˜o-Jose´ et al. / Virology 325 (2004) 82–95 83six putative genes identified between the lysis and integra-
tion regions were tentatively implicated in lysogenic con-
version phenomena (Desiere et al., 2001).
In Oenococcus oeni, a LAB species widely used to
promote malolactic conversion in wine, lysogeny is also
widespread (Arendt et al., 1991; Tenreiro et al., 1993). The
lysis-integration region of two O. oeni phages (oenophages;
Santos et al., 1998) has been sequenced and partly charac-
terized with respect to encoded functions (Gindreau and
Lonvaud-Funel, 1999; Gindreau et al., 1997; Parreira et al.,
1999). In phage f10MC, the lysis and integrative elements
are contiguous in the genome, whereas in fOg44, two
divergently oriented orfs of unknown function have been
found between those regions (Parreira et al., 1999). The
bacterial target (attB) for f10MC has been established as
the 3Vend of a tRNALeu gene (Gindreau et al., 1997). The
attB site for fOg44 has remained undetermined but the
sequence divergence from f10MC in this region suggested
a different chromosomal location for the integration of its
prophage (Parreira et al., 1999).
Recently, the endolysin gene of fOg44 was examined in
more detail. Surprisingly, its encoded product (Lys44)
behaved as a bona fide secretory protein when expressed
in E. coli, requiring both SecA and signal peptidase for
maturation and export (Sa˜o-Jose´ et al., 2000). This process
deviates considerably from that of most known endolysins
that accumulate in the cytosol until a membrane pore is
formed by the action of phage-encoded holins (Young,
2002; Young et al., 2000).
In the present study, we have sequenced the lysis-
integration region of two other oenophages from our col-
lection, fOg30 and fOgPSU1, and compared it with the
known sequences of fOg44 and f10MC. Additional experi-
ments were conducted to address some of the problems
raised in previous studies on oenophage lysis functions and
to ascertain the nature of bacterial attachment sites for these
phages. We note a considerable degree of heterogeneity in
genes putatively involved in lysogenic conversion phenom-
ena and we suggest that at least five tRNA genes may be
targeted by prophages in O. oeni.Results
On the basis of previous physical mapping and DNA–
DNA hybridization results (Santos et al., 1998), restriction
fragments covering the central region of the genomes of
phages fOg30 and fOgPSU1 were cloned and sequenced
(9880 and 8712 bp, respectively). The analysis of gene
content and organization in equivalent DNA regions was
reported recently for oenophages f10MC (Gindreau and
Lonvaud-Funel, 1999; Gindreau et al., 1997) and fOg44
(Parreira et al., 1999), showing the presence of genetic
determinants for the lysis effectors and the integrase en-
zyme. In fOg44, some additional but unessential genes were
found in between.Recent comparative phage genomics indicate that with
the exception of the lactococcal phages of the c2-species,
the genome organization of LAB phages is relatively well
conserved (Bru¨ssow and Desiere, 2001). In what concerns
the genomic region analyzed here, oenophages follow the
consensual pattern of gene arrangement found in the ma-
jority of LAB phages (Fig. 1). This region includes, from
‘‘left-to-right’’, the lysis genes, a heterogeneous gene cluster
delimited by putative terminators, with the set orf217-
orf252-orf80 being common to all oenophages but for
f10MC that lacks such gene cluster, and the integration
elements (attP site and the integrase gene). In spite of
obvious relatedness, the degree of nucleotide similarity
between the integration elements is suggestive of different
bacterial targets for lysogenic establishment (see below).
Relevant genes and gene products will be separately
addressed in the following sections.
Secretory endolysins in oenophages
In all four oenophage genomes analyzed, an almost
identical endolysin gene could be readily identified. The
encoded product from fOg44 (Lys44) has been recently
shown to be a secretory protein when produced in E. coli,
the first 27 N-terminal amino acids acting as a signal peptide
(SP) (Sa˜o-Jose´ et al., 2000). During O. oeni infection,
antibodies directed against Lys44 failed to evidence the
putative precursor form of the enzyme. A single protein,
exhibiting the mobility of the enzyme’s mature form, could
be detected at the later stages of the infective cycle (Sa˜o-
Jose´ et al., 2000). These results were attributed to low-level
synthesis and rapid secretion. Because genetic manipulation
of Oenococcus is still not feasible, we sought to further
demonstrate the secretory nature of Lys44 by expressing it
in a closely related Gram-positive host, Lactococcus lactis.
The chloride-inducible, gad gene expression cassette
(Sanders et al., 1997, 1998a, 1998b) was amplified from
L. lactis MG1363 DNA and fused to lys44. This construct
(in pCSJ28, Fig. 2A) was introduced into strain MG1363
producing an MLQL-Lys44 fusion protein upon addition of
0.5 M NaCl to the cultures. As shown in Fig. 2B, the
endolysin levels obtained with this system allowed the
detection of the mature protein, but not of its precursor
form. We have thus tested another inducible system devel-
oped for L. lactis based on genetic elements from phage f31
(Walker and Klaenhammer, 1998). In this case, lys44 and an
SP-cleavage mutant (lysA27W; Sa˜o-Jose´ et al., 2000) were
cloned in plasmid pTRK480 (Fig. 3A) under the transcrip-
tional control of the L. lactis phage f31 promoter P566–862S
(Walker and Klaenhammer, 1998). pTRK480 also carries
the f31 origin of replication (ori31), and infection of a f31-
sensitive strain carrying pTRK480 results in high expression
levels from P566–862S (Walker and Klaenhammer, 1998).
NCK203 transformants bearing the constructs pCSJ21 and
pCSJ22 (encoding Lys44 and LysA27W, respectively) were
thus tested for f31-dependent expression of each type of
Fig. 1. Gene maps of the central genomic regions of oenophages fOgPSU1, fOg44, fOg30, and f10MC. Genes encoding proteins suggested to be implicated in
phage-mediated cell lysis are indicated by green arrows, whereas integrase genes are shown in red. The orfs located between the putative lysis functions and the
phage attP site, possibly involved in lysogenic conversions, are indicated in blue. The orfs limiting the gene maps of fOgPSU1, fOg44, and fOg30 at both ends
as well as those of f10MC at its left encode putative products with no homologues in the databases. The inverted thin-lined arrows indicate a region in the
genome of fOg44 with bidirectional transcription promoter activity (see results). Inverted repeats with the potential to form stem-loop type structures are also
indicated ( ). Those with identical colors show over 65% of nucleotide sequence identity. Stem-loops in white show no significant sequence similarity between
them. The short sequence segments with significant similarity to one of the repeats of putative stem-loops identified elsewhere in the phage genome region are
indicated by or . Regions of similarity between the genomes are indicated by yellow shading and the percent of nucleotide identity is shown. The f10MC
sequence represented here was derived from AF049087 and U77495.
A
B
Fig. 2. Expression of Lys44 in L. lactis under the control of the Pgad
promoter. (A) Schematic representation of plasmid pCSJ28 used for Lys44
expression. Transcriptional promoters are represented as bent arrows.
Restriction sites used for cloning are shown. A putative stem-loop structure
is shown downstream gadR (transcriptional activator). The nucleotide
sequence of the gadC-lys44 fusion is provided: the ribosome binding site
and the translation start codon of gadC are shown in bold and underlined,
respectively; the PstI site is shown in lower case and the translation start
codon of lys44 is depicted in bold italics. The first 4 aa residues of the
fusion protein are shown below the sequence. (B) Western blot analysis of
Lys44 production after chloride induction of L. lactis cultures harboring
pGKV259 (control culture, lanes 1–4) or pCSJ28 (lanes 5–8). Samples
were taken at times 3 (lanes 1 and 5), 4 (lanes 2 and 6), 5 (lanes 3 and 7),
and 6 h (lanes 4 and 8) after addition of 0.5 M NaCl to the cultures. A
protein extract from E. coli strain CG612 (overexpressing Lys44) was run
in parallel for comparison (lane 9). Precursor and mature lysin forms are
indicated as p and m, respectively.
C. Sa˜o-Jose´ et al. / Virology 325 (2004) 82–9584endolysin. As shown in Fig. 3B, the protein levels achieved
during infection with phage f31 allowed the detection of
both precursor and mature forms of Lys44, around 35–40
min after phage infection. In addition, when LysA27W was
expressed under the same conditions, only the expected
accumulation of a polypeptide exhibiting the size of the
precursor could be observed (Fig. 3C, lane 3).
Overall, these results confirm and extend to a Gram-
positive context the findings previously reported in E. coli
(Sa˜o-Jose´ et al., 2000), that is, the N-terminal region of the
fOg44 endolysin (and by extension that of the other oeno-
phage endolysins) functions as a cleavable signal peptide.
The lysis region context: are holins produced?
The notion of secreted endolysins is somehow disturbing
in the light of current views on phage-mediated lysis
regulation. The holin in phages as diverse as k and T4
oligomerizes in the membrane, although the endolysin
accumulates in the cytoplasm (Young, 2002; Young et al.,
2000). At a genetically programmed time, membrane
lesion(s) or hole(s) of considerable size are formed (Wang
et al., 2000, 2003). These allow the endolysin to access its
substrate, after which lysis rapidly ensues. In theory, secret-
ed endolysins would make a holin expendable in the phages
that produce them.
Holin and endolysin genes usually colocalize, in that
order, in most phage genomes (Sa˜o-Jose´ et al., 2003). The
Fig. 3. Endolysin expression in L. lactis under the control of the lactococcal phage f31 promoter P566 – 862S. (A) Schematic representation of the most relevant
features of plasmid pTRK480, and its derivatives, pCSJ21 and pCSJ22, carrying lys44 and lysA27W, respectively. The phage inducible promoter P566 – 862S is
represented as a bent arrow. Restriction sites used for cloning are shown. (B) Western blot analysis of endolysin production in L. lactis cultures carrying
pCSJ21, during f31 infection (i.m.c5). Samples were taken at the indicated times (in min) after infection and processed for immunoblotting detection of the
Lys44 forms. (C) Immunoblotting detection of endolysin polypeptides in culture samples of strains harboring plasmids pTRK480 (lane 1), pCSJ21 (lane 2), or
pCSJ22 (lane 3) collected 45 min after f31 infection. A protein extract sample from induced E. coli strain CG612 (expressing Lys44) was run in parallel for
comparison (lane 4). p and m are as in Fig. 2.
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the sequenced regions of oenophage genomes. The endo-
lysin gene in f10MC was previously located between two
orfs (orf98 and orf163; Gindreau and Lonvaud-Funel,
1999; see Fig. 1), whose hydrophobic products suggested
a membrane association. It was proposed that one of them
could be acting as a holin, although structural prediction
analyses did not reveal the typical two- or three-transmem-
brane domains present in most established or putative
holins (Young, 2002). Previous analysis of the lysis region
in fOg44 led to the suggestion of orf117 as a likely holin
gene due to two essential observations: in the one hand, the
predicted product presents two strongly hydrophobic
sequences in its N-terminal half, a C-terminal stretch of
hydrophilic residues and a region in between, which may
provide at least a third transmembrane domain to the
polypeptide (Parreira et al., 1999 and unpublished results);
in the other hand, lys44 and orf117 are detected as a
dicistronic transcript during the late stages of phage devel-
opment in O. oeni, again suggesting an involvement of
orf117 in the lysis process (Parreira et al., 1999). Extending
the sequence of fOg44 DNA to the lys44 upstream region
revealed the presence of an orf encoding a putative 18 kDa
protein (orf167), with no matches in the databases but
unlikely to be a holin due to its hydrophilic nature. A
similar gene arrangement was found in fOg30 and fOg-
PSU1 (Fig. 1). However, an interesting mosaicism in the
lysis region was observed. Although the four oenophages
produce almost identical endolysins, fOg30 and f10MCshare orf163, whereas fOg44 and fOgPSU1 have orf117 in
common. orf98 was only found in f10MC. Overall,
comparative sequence analysis suggested that orf117 and
orf163, both located downstream the endolysin gene, could
provide a holin function in the corresponding phages. We
have thus tested whether either gene could complement a
Sam7 defect in E. coli phage k, a powerful method to
assess the function of putative holin genes from diverse
phages (e.g., Garcia et al., 2002; Martin et al., 1998; Vukov
et al., 2000, 2003; Zimmer et al., 2002). The system
employed is schematically shown in Fig. 4 and was based
on a similar strategy, used to evaluate the functional
properties of holins and holin mutants from k and T4
phages (Bla¨si and Young, 1996; Graschopf and Bla¨si,
1999; Gru¨ndling et al., 2000a, 2000b; Ramanculov and
Young, 2001a, 2001b; Wang et al., 2003). In essence,
orf163 (from fOg30) and orf117 (from fOg44) were each
cloned in either a pUC19 or a pBR322 derivative, under the
control of the k pRV promoter (see Materials and methods
for details). Lysogens for a defective k prophage bearing a
nonsense mutation in its holin gene (Sam7), and encoding a
thermosensitive cI repressor, were used as hosts for these
plasmid constructs. Upon prophage induction, the heterol-
ogous genes are expressed at the time at which k S is
normally expressed. The functionality of this system was
confirmed with pBR322 derivatives pJN4 and pJN5,
expressing, respectively, Sk (producing holin S105 and
antiholin S107) or S105 from k. The timing of lysis elicited
by such lambda genes provided in trans (Fig. 5) was
Fig. 4. Holin expression under the control of the late transcription regulatory (LTR) elements of phage k. (A) Relevant features of the pUC19 and pBR322
derivatives used for testing holin function (orfs not drawn to scale). The restriction sites used for cloning and subcloning are indicated. The promoter pRV and
the transcriptional terminator tRV of the k LTR region are depicted as a bent arrow and a hairpin structure, respectively. (B) Nucleotide sequence details of the
translation signals in each construct. The beginning of the native k S gene (carried in plasmids pCSJ71 and pJN4) was modified to generate an XbaI restriction
site (lowercase italics), eliminating the first start codon of S (start codons are underlined and boldfaced) and at the same time allowing the cloning of S105
(pCSJ72 and pJN5), orf117 (pJN1 and pJN6), and orf163 (pJN2 and pJN7).
C. Sa˜o-Jose´ et al. / Virology 325 (2004) 82–9586established as 55 (pJN4) or 35 min (pJN5), which is in
good agreement with published values (Wang et al., 2000).
Under similar conditions, expression of orf117 (from pJN6)
led to culture lysis starting at around 65 min post-induction.Fig. 5. Lysis curves after thermoinduction of kcI857Sam7 lysogenic cultures carryi
expressing in trans Sk, S105, orf117, and orf163, respectively. A lysogenic strain h
negative control. The cultures were grown at 30 jC until OD550nm = 0.15–0.20, th
measurements every 5 min. Lysis of cultures carrying pJN3 and pJN7 was promIn replicate experiments, this value did not change signif-
icantly (F5 min). In contrast, expression of orf163 failed to
elicit a lysis response. Increasing gene dosage by using a
higher copy number vector did not modify this phenotype.ng plasmids pJN4 (–5–), pJN5 (–n– ), pJN6 (–E– ), and pJN7 (–x– ),
arboring pJN3 (–4– ), which carries only the k LTR region, was used as
ermoinduced for 15 min at 42 jC and then followed at 37 jC by taking OD
oted by adding 0.3% chloroform at the indicated time points (arrows).
C. Sa˜o-Jose´ et al. / Virology 325 (2004) 82–95 87On the contrary, increasing gene dosage of orf117 prema-
turely triggered lysis by 10–15 min (results are not shown).
In summary, whereas Orf117 clearly qualifies as the
fOg44 holin, our results were not conclusive in assigning
a holin function for orf163, present in both fOg30 and
f10MC (see Discussion).
Putative lysogenic conversion genes
In many temperate phages, genes located between the
lysis functions and the attP site have been implicated in
lysogenic conversion phenomena. With the exception of
f10MC, all the other oenophages analyzed present several
putative genes in this region, including a conserved (>96%
identity) gene set composed of orf217, orf252, and orf80
(Fig. 1). Recently, we have shown that in fOg44, this DNA
fragment is not essential to phage growth, or lysogeny-
related properties. orf80 was not detected in this previous
report (Parreira et al., 1999).
The putative product of orf252 is a predicted eight
transmembrane domain polypeptide with considerable sim-
ilarity to putative membrane proteins of Archaea and Gram-
positive bacteria, belonging to the DUF81 family of integral
membrane proteins of unknown function (as predicted by
RPS-BLAST). In turn, Orf217 is homologous to putative
transcription regulators of the TetR family, such as those
found in Enterococcus faecalis (NP_815729), Clostridium
acetobutylicum (NP_149192), and Streptomyces avermilitis
(NP_821256). Assignment of Orf217 as a transcription
regulator was further suggested by the presence of an AcrR
transcriptional regulator domain (between residues 7 and
183) and a putative N-terminal HTH motif (residues 25–
46). Although no function could be assigned to the putative
product of orf80, for which no homologues could be foundFig. 6. Measurements of h-galactosidase activity (Miller Units) from transcription
pRS415. The thin-lined arrows indicate transcription promoters. The white arrows
arrow) supplemented in trans from plasmids pSS6 and pSS7, respectively. The in
standard deviation. ND—not determined.in the databases, orf217 and orf252 seem to represent a
transcription regulator–effector type of regulon where the
expression of orf252 is regulated by the activity of Orf217.
To test this hypothesis, the orf217/orf252 intergenic region
of fOg44 was initially examined for promoter activity. This
region was amplified by PCR and cloned, in both orienta-
tions, upstream the lacZ gene present in plasmid pRS415,
resulting in pSS1 and pSS2. The results shown in Fig. 6
indicate that this DNA fragment exhibits strong promoter
activity in E. coli, in both orientations. However, when
orf217 is also included, in its native orientation (pSS3), the
values of h-galactosidase (h-Gal) activity fall close to those
obtained when only the vector is present. This clearly shows
that Orf217 negatively regulates the activity of the orf252
promoter. To ascertain whether Orf217 could also function
in trans, we cloned orf217 under the control of the consti-
tutive promoter Pcat86 in the compatible vector pACYC184,
resulting in plasmid pSS6. The E. coli strains harboring
pSS1 and pSS2 were transformed with pSS6 and assayed
for h-Gal activity. The results (Fig. 6) showed that once
provided in trans, Orf217 reduced lacZ expression from
both pSS1 and pSS2, 59- and 18-fold, respectively. In a
control experiment with pSS7 (a pACYC184 derivative
encoding a 21 aa polypeptide resulting from a frameshift
introduced in orf217), only a slight decrease in the values of
h-Gal activity were observed with respect to those obtained
with pSS1 and pSS2 (2.5- and 1.5-fold, respectively). These
results clearly indicate that Orf217 is a negative modulator
of both its own promoter as that of orf252.
In fOg44, the orf217-orf252-orf80 gene set is flanked by
two partially homologous putative transcription terminators,
which can recombine leading to its deletion from the phage
genome (Parreira et al., 1999). Besides this expendable
module, only one additional orf (orf72 of unknown func-fusions of the fOg44 orf217/orf252 intergenic region with the lacZ gene in
represent orf217 (straight arrow) or its frame-shifted version orf217f (broken
dicated values are the means of at least three independent experiments F
C. Sa˜o-Jose´ et al. / Virology 325 (2004) 82–9588tion) is found in this central region of the fOg44 genome. Its
topological equivalent in fOg30 is orf161 (Fig. 1), which
encodes a putative product with no homologues in the
databases. A similar architecture was identified in the
genome of fOgPSU1, although in this region the presence
of two additional divergently oriented orfs, separated by an
intergenic region with at least three inverted repeats (Fig. 1),
is observed. Of these putative genes, only the product of
orf376 has homologues in the databases, being mostly
related to the Streptococcus thermophilus Eps7H putative
repeating unit polymerase, involved in the synthesis of
exopolysaccharides (AF454498).
The genome of fOg30 also includes the orf217-orf252-
orf80 ensemble, but one of the flanking hairpins (down-
stream of orf217) has been reduced to half its sequence. The
downstream region includes two new orfs (orf380 and
orf424), suggesting that they could constitute a transcrip-
tional unit together with orf217. Orf380 shares significant
similarity with putative proteins encoded by different spe-
cies (e.g., Burkholderia fungorum, ZP_00031082, Strepto-
myces coelicolor A3(2), NP_627678, and Vibrio vulnificus,
NP_937636). RPS-BLAST analysis of Orf380 revealed the
presence of a large conserved domain (residues 1–365)
found in the L-alanine-DL-glutamate epimerase and related
enzymes of the enolase superfamily, although the same
analysis for Orf424 evidenced a C-terminal domain homol-
ogous to those found in several inorganic ion transporters
(CitT, Na_sulph_symp. and ArsB). Moreover, the predicted
presence of 12 transmembrane helixes is also strongly
suggestive of a membrane transporter. Finally, the intergenic
region between orf163 and orf380 includes two imperfect
inverted repeats, potentially capable of forming hairpin-like
structures. One of such structures is partially repeated
immediately downstream of orf161 (Fig. 1) suggesting that
if they recombine, the complete removal of all the genes in
between would occur, resulting in a similar genomic archi-
tecture as that found in f10MC.
Diversity in prophage-integration determinants
Most temperate phages integrate their genomes in the
host chromosome by a site-specific recombination mecha-
nism following the Campbell model (Campbell, 1962).
Recombination catalyzed by the phage integrase (Int) occursFig. 7. Schematic representation of the attP regions of oenophages fOgPSU1, fOg3
the arm-type putative integrase-binding motifs are underlined. Putative transcriptio
open reading frames that border each of the attP sites (not drawn to scale). The nu
shown in parentheses.between identical sequences, designated as core sequences,
located within the attachment sites of the phage (attP) and
of the host (attB). Oenophage integrases are related, but
only fOg30 and fOg44 appear to share an almost identical
enzyme (99% identity). The identity level between fOg44/
fOg30 Int and the integrases of fOgPSU1 or f10MC is
around 40%, although the enzymes of these two later phages
share 77% of identical residues. The relationship between
these integrases correlates well with the sequence similarity
of the corresponding attP regions, and in particular, with the
sequence of direct repeats, flanking the core sequence,
usually referred to as arm-type sites and which represent
putative Int binding sites. These direct repeats are shown
underlined in Fig. 7, which schematically depicts the struc-
ture of attP in the various phages. All direct repeats (7 bp
long in fOgPSU1 and 9 bp long in other oenophages) have
in common the sequence CACA, but in fOgPSU1 and
f10MC, an extended sequence homology is observed
(GCACAA). In each attP region, two arm-type sites can
be identified before the core sequence (see below) at a
distance from it of 36–40 bp. Between the core sequence
and the other set of direct repeats (three, but for fOgPSU1
where 4 sites can be found), a putative terminator is
identified. The distance between this terminator and the
closest direct repeat near int seems to be also relatively well
conserved (75–78 bp). Of note, the integrase coding se-
quence of fOg44 (and fOg30) includes the set of three arm-
type sites referred to above (Fig. 7).
The fOg44 integration system: a tRNAGlu gene as the target
for prophage integration
The fOg44 integration system was first checked by
identifying clones from a DNA library of a fOg44 lysogen
hybridizing with probes internal to int44 and orf72 (see Fig.
1). Sequencing of the inserts allowed the recognition of
host–prophage junction sequences, thus identifying attL44
and attR44. In a second step, primers designed from bacterial
sequences at these attachment sites were used to amplify a
segment of DNA from prophage-free strain ML34-C10, the
sequencing of which led to the identification of the attB44
region. An alignment of the four sequences (attB, attP, attR,
and attL) circumscribed the sequence where the recombi-
nation event leading to integration takes place to a 17-nt-0, fOg44, and f10MC. The attP core sequences are shown in bold whereas
n terminators (Ter) are illustrated as gray boxes and the arrows indicate the
mber of base pairs that separate each of the indicated sequence elements is
C. Sa˜o-Jose´ et al. / Virology 325 (2004) 82–95 89long core sequence, most of which (16 nt) corresponds (in
attB and attL) to the 3V end of a putative tRNAGlu gene (Fig.
8A). Sequencing of the attL44 clone revealed the additional
presence of a tmRNA gene, transcribed in the opposite
direction with respect to the tRNAGlu gene. Based on the
sequence of its gene, we have designed primers to amplify
equivalent regions from DNA of 28 O. oeni strains from our
collection (Tenreiro et al., 1994), representing different
groups from a previous pulsed field gel electrophoresis
(PFGE) analysis. All the sequences were identical, strength-
ening previous results that support the molecular homoge-
neity of this species (Morse et al., 1996; Zavaleta et al.,
1996; Ze´-Ze´ et al., 2000).
The fOgPSU1 system: a tRNALys gene as an additional
prophage integration site
Clues for the integration target of the fOgPSU1 prophage
came directly from searching the genome of O. oeni strain
MCW (http://genome.jgi-psf.org/draft_microbes/oenoe/
oenoe.home.html) for sequences homologous to the fOg-
PSU1 attachment site region (attPPSU1). Indeed, a 78-nt-
long sequence, including the putative terminator and adja-
cent nucleotides, was found, with only a few mismatches, in
the available sequence of the MCW genome. The 20-nt-long
sequence at the upstream end of this homologous region
partially overlaps (in 12 nt) the 3V end of a putative tRNALys
gene (Fig. 8B). This predicted target was confirmed subse-
quently, using DNA from lysogenic strain LPSU1-7 to
amplify and then sequence two DNA segments predicted
to contain the attRPSU1 and attLPSU1 junction sites. The
attBPSU1 sequence, derived from strain ML34-C10 DNA by
an identical strategy, again confirmed the identity between
MCW and ML34-C10 at this genomic location. The 20-nt-
long sequence referred to above was confirmed as the
integration core sequence by aligning the attachmentFig. 8. Alignment of the attachment sites (att) of phages fOg44 (A) and fOgPSU1 (
to scale). The core sequence is boxed and shown in bold. The shaded boxes highligsequences (Fig. 8B). As shown in Fig. 8B, a putative gene
involved in carbon catabolite repression (ccpA) is found
upstream the tRNALys target of fOgPSU1.
Other integration sites?
Comparative sequence analysis indicates that the fOg44
and fOg30 int-attP elements are almost 100% identical and
share the sequence, which was identified as the fOg44
integration core. We therefore assume that both phages
can integrate their genomes at identical site(s). Interestingly,
when the available DNA sequence of fOg44 was used to
search for homologous sequences in the genome of O. oeni
strain MCW, a 240 nt sequence was retrieved showing
>90% identity with the transition region between int44
and attP44 (Fig. 9A). Closer inspection of the MCW genome
sequence including this homologous region revealed two
interesting details (Fig. 9A): the presence of a defective
integrase gene with obvious relatedness to int44 at the 3V
end and a second putative tRNAGlu gene, 13 nt downstream
the end point of the region of homology. Part of the int44
terminator sequence is retained here but the core sequence,
corresponding to the fOg44 integration site referred to
above, is limited to 6 nt, corresponding to the identical 3V
ends in both tRNAGlu genes. The overall structure at this
region of the MCW genome strongly suggests that the
fOg44 integrase or a very similar enzyme may promote
prophage integration at this second tRNAGlu gene. Using
primers defined from the known sequence of MCW, we
have confirmed the presence of the same int gene remnant in
our phage indicator strain, ML34-C10.
Although it was previously established that the f10MC
prophage integrates at the 3V end of a tRNALeu gene, the
availability of the MCW genome sequence as well as the
results obtained for fOg44 (see above) led us to examine the
possibility that f10MC might also use other integrationB). The arrows represent genes surrounding the depicted att sites (not drawn
ht the extensive nucleotide similarity found between attPPSU1 and attBPSU1.
Fig. 9. Putative attB sites in O. oeni. (A) Schematic illustration of the 600 nt region in the genome of O. oeni strain MCW between positions 89074 and 89673
in NZ_AABJ02000004. The shaded 240 nt sequence presents significant similarity with the transition region between int44 and attP44. Translation stop
codons are underlined (indicated in the amino acid sequence as *). The amino acids in bold and those included in boxes are identical to fOg44 integrase
residues between positions 70–121 and 309–364, respectively. The lower case nucleotides indicate those forming a putative transcription terminator (inverted
arrows) in attP44 and which are partially conserved in the MCW sequence. The nucleotide sequence of a putative tRNAGlu is indicated by the thin-lined arrow.
(B) Schematic representation of a 244 nt region of the genome of O. oeni strain MCW corresponding to the complementary sequence of a DNA fragment from
position 29766 to 30009 in NZ_AABJ02000015. The coding sequence for a tRNALeu is indicated by the arrow. The gray-shaded nucleotides cover a 55 nt
region also present in f10MC attP. The six nucleotides indicated by bold-italics-boxed characters are those common to the depicted region and the f10MC
core sequence.
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indeed support this hypothesis, as a 55-nt-long sequence in
the f10MC attP region, including the last 6 nt of the
previously defined core sequence and downstream nucleo-
tides, is present in the MCW genome and shows a 4 nt
overlap with the 3V end of still another tRNALeu gene (see
Fig. 9B). The attB/10MC sequence previously reported by
Gindreau et al. (1997) is also present in the MCW chromo-
some (our analysis).Discussion
In comparison with phages from other lactic acid bacte-
ria, research on oenophages is still very limited. Our efforts
have concentrated on a central region of their genomes,
encompassing the lysis and integration genes. This particu-
lar choice was motivated by three points of general interest:
(i) understanding what appears to be a novel mode of lysis
regulation operative in these phages, (ii) assessing the
contribution of oenophages to host properties upon pro-
phage integration, and (iii) exploring the integration deter-
minants to develop vectors for O. oeni, similarly to what has
been done successfully in several other LAB systems
(Alvarez et al., 1998; Brøndsted and Hammer, 1999; Lille-
haug et al., 1997).
With these goals in mind, we have determined in this
work the sequence of the lysis-integration region of
oenophages fOg30 and fOgPSU1, allowing a comparison
to be made with the available DNA sequences of phages
f10MC and fOg44. Although the integration elements of
fOg30 and fOg44 were almost identical at the nucleotide
level, enough differences were detected with respect to the
fOgPSU1 and the f10MC sequences. We have indeedestablished that fOg44 integrates at a tRNAGlu gene where-
as fOgPSU1 uses a tRNALys gene for prophage integration.
f10MC was shown by others to integrate at a tRNALeu
gene (Gindreau et al., 1997). In all cases, phage integration
reconstituted the intact tRNA gene sequence (see Ventura et
al., 2003, for an exception). A search for phage-like
sequences in the available genome of O. oeni strain
MCW led to the identification of two sequences relevant
for this discussion: a defective integrase gene, closely
related to int44, in the vicinity of a second tRNAGlu gene
and a sequence of 55 nt also present in the attP region of
f10MC, next to a tRNALeu gene different from that
described by Gindreau et al. (1997). In both instances as
well as for fOgPSU1 (which exhibits an extended region of
homology between attP and attB), the data suggest that
imprecise excision of prophages may have left, in the
MCW genome sequence, distinct markers of their former
presence. It would then appear that at least five tRNA
genes may be targeted by prophages in O. oeni, represent-
ing potential targets for insertion of heterologous genes
once integrative vectors and an effective transformation
protocol become available. Although the presence of the
f10MC-related sequence was not checked in our laborato-
ry strain, ML34-C10, the same integrase remnant and
tRNAGlu gene were indeed found in our strain. This is
not surprising considering that strains ML34 and PSU1
(=MCW) were previously shown to be indistinguishable on
the basis of restriction profiles obtained by PFGE, and they
may represent different isolates of the same strain (Tenreiro
et al., 1994). In any case, O. oeni appears to be a very
homogeneous species according to various molecular dif-
ferentiating techniques (Morse et al., 1996; Zavaleta et al.,
1996; Ze´-Ze´ et al., 2000). The usefulness of tmRNA
sequences as a tool in bacterial identification was recently
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supporting evidence to this notion, as we found that 28 O.
oeni strains from our collection shared exactly the same
tmRNA gene sequence. This gene was originally found
close to the attB44 region.
As in many temperate phages, several orfs with no
obvious phage-related function could be found between
the lysis and integration regions of oenophage genomes:
four in fOg44, five in fOgPSU1, and six in fOg30. Where
investigated, such genes have been shown to be transcribed
in the lysogens (e.g., Ventura et al., 2002). However, at least
two of the orfs that are conserved in the examined genomes
(except in f10MC) are barely transcribed in fOg44 lysogens
as deduced from Northern-type experiments (A. Mouro et
al., unpublished results). These putative genes (orf217 and
orf252) have been examined here by lacZ-fusion experi-
ments in E. coli. Concurring with the Northern analysis, our
results show that Orf217 represses both its own promoter
and that of orf252 (encoding a putative permease). We have
not been able, so far, to define conditions where repression
by Orf217 could be relieved. From homology searches, only
three further orfs could be ascribed a tentative function,
either related to ion transport (orf424 in fOg30) or to cell
envelope metabolism and modification (orf376 in fOgPSU1
and orf380 in fOg30). With the available data, it is currently
difficult to speculate further on possible lysogenic conver-
sion phenotypes in O. oeni.
Sequence analysis indicated that all tested oenophages
produce very similar endolysins with a hydrophobic N-
terminal extension that we have now shown to behave as a
signal peptide in a Gram-positive context (L. lactis).
Homology searches predict that other phages may synthe-
size secretory endolysins as well, such as L. lactis phages
ul36 (NC_004066), TP901-1 (NC_002747), fLC3
(AF242738 ) , Tu c2009 (NC_002703 ) , fAM2
(AF262017), and TPW22 (AF066865). The endolysin of
Lactobacillus plantarum phage fg1e has also been recent-
ly reported to be processed in E. coli by the Sec machinery
(Kakikawa et al., 2002), as previously shown for the
fOg44 enzyme (Sa˜o-Jose´ et al., 2000). The overall evi-
dence gives thus support to the existence of a phage lysis
pathway where the holin, if present, does not contribute to
the extracellular release of the endolysin. We have previ-
ously argued that in systems where an endolysin is
secreted, the cell wall environment would somehow im-
pose functional constraints on the enzyme’s activity and
full activation would require disruption of the membrane
potential (pmf). A holin would then still be required to
activate the secreted enzymes, by dissipating the pmf (Sa˜o-
Jose´ et al., 2000, 2003). In this context, it was of
importance to ascertain whether the putative holins iden-
tified in the lysis region of oenophages would act as
membrane pore-formers such as S of k or T of T4. We
have used an S-complementation system, which relies on
the permeabilization of the E. coli inner membrane to the k
endolysin (protein R) as a positive test for the function ofheterologous holins. The results supported the idea that
orf117, present in both fOg44 and fOgPSU1, is indeed a
holin gene as it could mediate the release of lambda R and
thus elicit lysis, following induction of a Sam7 lambda
prophage. In fOg30 and f10MC, the obvious candidate for
a holin gene was orf163, the product of which exhibits
nevertheless a single TMD at its N-terminus—a topology
that does not fit with that of most known holins. Unlike
with orf117, complementation of the Sam7 mutation by
orf163 was not observed. At present, we envisage two
possible explanations for the complementation failure. One
possibility is that Orf163 represents a nonfunctional holin
remnant, in which case lysis would be wholly dependent
on endolysin secretion and accumulation in the wall. In
this view, that is, if secreted endolysins can eventually
bypass the pmf-dependent regulation on their own, then
the selective pressure for maintaining holin structure
becomes reduced. In contrast, in ‘‘conventional’’ systems
where endolysin release is absolutely dependent on the
export function provided by a holin, holin mutants will be
counter-selected. The second possibility is that orf163
expression does not result in the production of large pores
in the membrane. In the system used, access of R to the
periplasm is required for lysis: any pore in the membrane
small enough to prevent passage of this 18 kDa protein
would not result in a lysis phenotype. In fact, according to
our model all that is required from the holin is to relieve
the secreted endolysin from an inhibited state which
depends on the membrane potential: Orf163 could either
activate the endolysins directly, or it could mediate proton
leakage without formation of conspicuous membrane
lesions. We are currently investigating these possibilities.Materials and methods
Bacterial strains, phages, and growth conditions
The bacterial strains and phages used in this work are
listed in Table 1. E. coli strains were usually grown in Luria–
Bertani medium (Sambrook and Russel, 2001) with aeration
at 37 jC, except when kcI857Sam7 prophage thermoinduc-
tion was envisaged (see below). When required, ampicillin
(100 Ag/ml), chloramphenicol (30 Ag/ml), and tetracycline
(12.5 Ag/ml) were added to the culture medium for plasmid
selection. O. oeni strains were grown at 28 jC without
shaking in MTJ medium pH 5.5 (Tenreiro et al., 1993).
The production of oenophage lysates followed the proce-
dure described by Santos et al. (1996). Unless otherwise
indicated, L. lactis strains were grown in M17 medium
(Difco) supplemented with 0.5% glucose (GM17) at 30 jC
without shaking. For plasmid selection, GM17 was supple-
mented with erythromycin (3 Ag/ml) or chloramphenicol (5
Ag/ml). Lactococcal phage f31 was propagated in strain
NCK203 as previously described (Walker and Klaenham-
mer, 1998).
Table 1
Bacterial strains and phages used in this work
Bacterial strains and phages Relevant features Reference
Bacterial strains















L. lactis MG1363 Plasmid-free derivative
of SH4109
Gasson, 1983
L. lactis NCK203 Host for lactococcal
phage f31
Hill et al., 1989
E. coli TOP10F Cloning host Invitrogen

























f31 Lytic phage infecting
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Oenophage DNA was obtained as described by Parreira
et al. (1999). O. oeni and L. lactis DNA extraction was as
reported by Santos et al. (1998). Restriction endonuclease
digestion, DNA ligations, and conventional agarose gel
electrophoresis were performed essentially as described by
Sambrook and Russel (2001). PCR amplification of DNA
fragments was carried out in a RoboCycler Gradient 96
thermocycler (Stratagene) using TaqDNA polymerase (Invi-
trogen) or Pfu polymerase (Stratagene) as recommended by
the suppliers. All the oligonucleotides used in this work
were purchased from Invitrogen and their sequences are
available on request. When needed, DNA products resulting
from restriction endonuclease cleavage or PCR amplifica-
tion were extracted from agarose gels and purified using the
JETquik gel extraction spin kit (Genomed). Highly specific
PCR products were directly purified from the PCR mixtures
using the JETquik PCR purification spin kit (Genomed).
Plasmid DNA extraction and purification was carried out
using the JETquik miniprep extraction kit (Genomed).
Plasmids were introduced in E. coli and in L. lactis as
described by Chung et al. (1989) and Walker and Klaen-hammer (1998), respectively. Southern blots were carried
out essentially as described by Williams and Mason (1990)
with 32P-labeled probes prepared with the Multiprime DNA
labeling kit (Amersham).
DNA sequencing, nucleotide, and protein sequence analysis
Phage DNA sequences were determined by primer walk-
ing on recombinant plasmid DNA clones obtained by
cloning, and subcloning, specific phage DNA fragments in
the pBluescriptKSII+/SKII+ vectors (Stratagene) using the
appropriate restriction sites as mapped by Santos et al.
(1998). Automated DNA sequencing was performed in a
cycle extension reaction with the dye terminator cycle
sequencing kit (Beckman Coulter) on a CEQ2000-XL
DNA sequencer (Beckman Coulter). DNA fragments
corresponding to the phage genomic regions that failed to
be cloned were obtained by PCR and directly sequenced.
DNA and protein sequences were analyzed with the GCG
software package (http://central.igc.gulbenkian.pt/bioinfo),
GeneMark (Heuristic Approach, http://opal.biology.gatech.
edu/GeneMark), TMHMM v2.0 (http://www.cbs.dtu.dk/
services), TMAP (http://bioweb.pasteur.fr), and the tRNAs-
can-SE1.21 software (http://www.genetics.wustl.edu/eddy/
tRNAscan-SE). The public domain SignalP V2.0 (http://
www.cbs.dtu.dk/services) was used for prediction of signal
peptides and cleavage site position. DNA and protein
homology searches were conducted with BLAST-N and
PSI-BLAST, respectively, while RPS-BLAST was used to
search for conserved domains in protein sequences (tools
available at http://www.ncbi.nlm.nih.gov). The DNA
sequences described in this paper have been deposited in
GenBank under accession numbers AF047001 (revised
sequence for fOg44), AJ629109 (fOgPSU1), AJ629110
(fOg30), AJ629111 (attB44), and AJ629112 (attBPSU1).
Lysin expression in L. lactis
Two different strategies were used to induce fOg44 lysin
expression in L. lactis cells. The first was based on a
chloride-inducible gene expression cassette identified in
the genome of strain MG1363 of L. lactis and characterized
by Sanders et al. (1997, 1998a, 1998b). The corresponding
sequence (from positions 821 to 2071, AF005098) was
amplified from strain MG1363 using primers carrying SacI
and PstI restriction sites and inserted in a pKSII+ derivative
(pCSJ01) in which the Lys44 coding sequence had been
previously cloned using PstI and EcoRI restriction sites. The
resulting plasmid (pCSJ02) was then cleaved with SacI and
EcoRV, and the released DNA fragment containing the gad
expression cassette fused to the lys44 coding sequence
finally inserted into pGKV259 (Kok et al., 1984) digested
with SacI and SmaI. The resulting construct (pCSJ28) was
used to transform strain MG1363 and induction of endoly-
sin expression (in this case, a modified version in which the
sequence MLQL replaces the initial Met of Lys44) carried
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harboring pCSJ28 was grown in 1/2GM17 (twofold diluted
M17 broth with 0.5% glucose and a final concentration of
1.9% h-glycerophosphate) to an OD600 of 0.4–0.5, and
Lys44 synthesis induced by addition of 0.5 M NaCl to the
growth medium. Total protein extracts were prepared from 2
ml culture samples collected at several time points after
induction and analyzed by Western blot as described previ-
ously for O. oeni (Sa˜o-Jose´ et al., 2000).
In the second strategy used for fOg44 lysin expression in
L. lactis, we took advantage of a strong and tightly regulated
version of a f31 inducible promoter (P566–862S), which
controls the expression of lacZ.st (Schroeder et al., 1991) in
plasmid pTRK480, as described by Walker and Klaenham-
mer (1998). Using the two unique SalI restriction sites in the
plasmid, we replaced gene lacZ.st by the lys44 and lysA27W
sequences (Sa˜o-Jose´ et al., 2000). The resulting plasmids
pCSJ21 (expressing Lys44) and pCSJ22 (expressing
LysA27W) were introduced in L. lactis strain NCK203.
For lysin expression, selected clones were grown to an
OD600 of 0.3–0.4 and then infected with f31 at an i.m.
of c5. Protein extracts from infected cultures were pro-
duced and analyzed as cited above.
Holin expression under the control of phage k regulatory
elements
A DNA fragment containing the late transcription regu-
latory (LTR) region of phage k, spanning from the 3V end of
the antiterminator Q gene to the first 13 bp of the S holin
gene (positions 44410–45198 of the phage k genome,
NC_001416) was amplified by PCR using kZap DNA
(Stratagene) as template. The reverse primer carried two
base substitutions that generated an XbaI site and eliminated
the first translational start codon of gene S. This PCR
product was cleaved with BamHI and XbaI and then ligated
to similarly digested pUC19 (New England Biolabs), result-
ing in the expression vector pCSJ70. Plasmids pJN1, pJN2,
and pCSJ72 are pCSJ70 derivatives that were constructed as
follows. The putative holin genes of oenophages fOg44 and
fOg30 (orf117 and orf163, respectively) and the S105 gene
(not expressing the antiholin S107) were PCR amplified,
digested with XbaI and HindIII, and then ligated to similarly
cleaved pCSJ70. pCSJ71 was constructed by inserting a
PCR product covering the LTR region and the wild-type S
gene (positions 44410–45509) in pUC19 using XbaI–
HindIII restriction sites. All the cloned regions in the
referred plasmids were transferred to a low-copy number
plasmid background, removing them by BamHI–HindIII
digestion followed by their insertion in the TetR gene of
pBR322 (New England Biolabs). Clones of the resulting
pBR332 derivatives (pJN3, pJN4, pJN5, pJN6, and pJN7)
were selected for their sensitivity to tetracycline. All the
constructs mentioned above were used to transform strain
MC1061/kcI857Sam7. Selected clones harboring the differ-
ent plasmids were grown in NZY broth (Sambrook andRussel, 2001), at 30 jC until OD550nm = 0.15–0.2 before
thermoinduction of the kcI857Sam7 prophage at 42 jC for
15 min. Bacterial growth was then followed at 37 jC by
taking OD550nm measurements every 5 min.
Study of the fOg44 orf217/252 promoter region
The putative orf217/252 divergent promoter region of
fOg44 was amplified by PCR, digested with BamHI and
EcoRI, and cloned in both orientations in the promoter
probe vector pRS415 (Simons et al., 1987), resulting in
pSS1 and pSS2, respectively. pSS3 was constructed by
cloning in the EcoRI and SmaI restriction sites of
pRS415, a PCR amplified DNA fragment containing the
orf217/252 promoter region along with orf217. Plasmids
pSS6 and pSS7 are pACYC184 (New England Biolabs)
derivatives carrying either orf217 or a derivative of the same
gene (orf217f) in which a frameshift mutation was intro-
duced. A mutagenic primer that inserts an A after the ATG
start codon of orf217 was used for amplification of orf217f.
Both orfs were placed under the control of the Pcat86
promoter carried in pACYC184. The orf217 and orf217f
PCR products were initially cloned in pBluescriptKSII+
using the EcoRI and PstI restriction sites. The resulting
plasmids, pSS4 and pSS5, respectively, were then digested
with EcoRI and SmaI, and the orf217- and orf217f-bearing
fragments ligated to pACYC184 cut with EcoRI and ScaI,
resulting in plasmids pSS6 and pSS7, respectively.
Measurements of b-galactosidase activity
h-Galactosidase activity was determined essentially as
described by Miller (1972) from samples of 100 Al of liquid
cultures of E. coli TOP10F carrying different plasmids,
taken at different points of their growth curve (OD600nm =
0.15–0.6).
Identification of attL, attR, and attB sequences
To study fOg44 integration, we first constructed a ge-
nomic library of the lysogenic strain L44.4 of O. oeni,
which carries fOg44 as a prophage (Parreira et al., 1999).
About 8 Ag of total DNA from strain L44.4 was partially
digested with Sau3AI so that the majority of the resulting
DNA fragments were between 0.4 and 3 kb long. This
mixture of DNA fragments was shotgun cloned in the phage
k ZAP Express Vector (Stratagene) cleaved with BamHI.
The resulting genomic library was then probed with 32P-
labeled PCR products internal to orf72 and int44. Phage
plaques giving positive signals were propagated and the k
clones converted into plasmid form by in vivo excision of
the pBK-CMV phagemid vector contained in kZAP, accord-
ing to supplier’s instructions. Finally, the nucleotide se-
quence of the inserts present in two selected plasmids
(pSS10 and pSS11) was determined, initially by using
vector primers and then by primer walking. Based on the
C. Sa˜o-Jose´ et al. / Virology 325 (2004) 82–9594sequences obtained, a PCR product containing the attB44
site was amplified from ML-34 C10 genomic DNA. This
fragment was cloned in the vector pKSII+ using the XbaI
restriction site leading to pSS12, which was then sequenced.Acknowledgments
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